The molecular epidemiology of p53 mutations allows the possibility of correlating particular mutations with specific environmental carcinogens and establishing one step in the causal pathway between exposure to carcinogens and the development of cancer. Three key characteristics of p53 mutations may make this possible: 1) the p53 gene may be the most frequently mutated gene reported in human cancers; 2) the p53 gene codes for a protein that appears to control processes that play a role in carcinogenesis; and 3) considerable variation has been reported in p53 mutations by base pair site, base pair change, and mutation type (1) (2) (3) (4) (5) (6) (7) (8) (9) . Thus, many have suggested that p53 mutations are the fingerprint of environmental carcinogens (10) (11) (12) (13) .
While molecular biologists have enthusiastically embraced this possibility, claiming that "the p53 gene has become a valuable molecular biomarker in etiologic studies..." (14) , epidemiologists might take a more circumspect view of the accumulated data regarding p53 mutations and specific environmental carcinogens. One of the most striking examples of a p53 mutation associated with a specific environmental carcinogen and cancer is that of the G>T transversion at the third base pair of codon 249 observed in liver cancer patients living in areas of the world with high levels of aflatoxins in their agricultural products (15, 16) . This observation may be consistent with epidemiologic research showing an association between primary hepatocellular carcinoma (HCC) and aflatoxin exposure in ecologic studies and in nested case-control studies measuring individual biomarkers of exposure (17) (18) (19) and with laboratory studies that have demonstrated that aflatoxin Bi induces a G>T transversion at the third position of codon 249 in human HCC cells (20) .
Early studies reported a high occurrence of the mutation in tissue samples from HCC patients living in areas such as Qidong, China, where the risk of aflatoxin exposure is high (15, 16) , and lower occurrences in samples from countries such as Great Britain or Germany, where aflatoxin exposure levels are low (21, 22) . After these studies appeared, some investigators concluded that the codon 249 base 3 G>T transversion is a consequence of aflatoxin exposure and a step in the development of liver cancer in patients exposed to aflatoxin. Since then, this conclusion has been frequently and firmly expressed, but the correlation between aflatoxin exposure, the codon 249 G>T transversion, and liver cancer has not been quantified or fully described. Is (19) . Thus, exposure was not actually measured, but nationality or geographic residence were used as surrogates for exposure.
The assignment of nationality was itself a problem in some studies, many of which relied on stored tumor specimens at university hospitals where patients may have come from wide geographic areas. For example, the study by Oda and colleagues relied on tumor samples obtained from 140 patients at the National Cancer Center Hospital, in Tokyo, Japan (40) . Of the patients, 128 were Japanese, 6 were Korean, 4 were Indonesian, and 2 were Taiwanese. The authors considered the group of patients to have been "mainly Japanese" and to have had low exposure to aflatoxin B . Although the authors described nationalities of the patients, it was not dear whether the nonJapanese patients were immigrants living in Japan or foreigners coming to Japan for treatment. The data were not presented by nationality and there was no way for a reader to remove the non-Japanese patients from the study sample. Thus, the entire group collected by Oda and colleagues was categorized as Japanese and as having low aflatoxin exposure, which leaves open the possibility that some patients in the group may have had high aflatoxin exposure but were misclassified as low exposure. Misdassification was a possibility in all these studies, a fact that is of concern because even nondifferential misclassification can bias the measure of effect, usually towards the null hypothesis (46,44. Despite the limitations of the exposure data, we proceeded with the analyses because the literature so frequendy cites the example of aflatoxin, codon 249 G>T Reviews -Laskv and Maader transversions, and liver cancer as demonstrating that p53 mutations are markers for exposure. In our analyses, we relied on nationality as a surrogate of exposure and found that studies reported data for a total of 628 HCC patients, 46 of whom were categorized as high aflatoxin exposure, and 582 of whom were categorized as low aflatoxin exposure. The high aflatoxin group induded patients from Qidong, China, and southern Africa. The low aflatoxin group included patients from Singapore, Italy, Alaska, Japan, Taiwan, Europe, Shanghai, Thailand, Great Britain, and Germany.
The studies provided little information on variables that may be associated with the causal, intervening, or outcome variables, or variables that may modify the effect of aflatoxin exposure on the occurrence of codon 249 G>T transversions. Seven of the 20 studies provided no information on the gender or age of the patients. Information on gender was available for 317 patients, 242 of whom were males (76%) and 75 of whom were females (Table 1) . In most studies, p53 data were not cross-tabulated with gender, thus precluding the analysis of data by gender. In studies that presented tables of raw data, the reader had the option of reanalyzing the data by age; in most studies, information about the age of the patient was presented as a range describing the entire patient group. Four studies included patients under 10 as well as patients over 70; 7 studies included patients in their 20s through 70s. Two studies reported patients in their 30s through 70s. It would be desirable to restrict patients to those with onset in adulthood. The inclusion of patients whose cancer may have had strong hereditary components rather than environmental etiologies would bias the measure of effect by underestimating the proportion of codon 249 G>T transversions in a group of liver cancer patients. In our analyses it was not possible to remove childhood cancer patients from the patient groups.
Thirteen studies provided information about hepatitis B serology that was crosstabulated with p53 data. Hepatitis B surface antigens were measured in 11 of the studies and hepatitis B viral DNA was measured in 2 of the studies. Data were available describing hepatitis B serology for 449 patients; thus it was possible to assess the role of hepatitis B exposure as a potential confounder of the relationship between aflatoxin exposure and p53 codon 249 G>T transversions. Because ecologic data show a correlation between hepatitis B surface antigen positivity and the incidence of liver cancer and there is some geographic overlap with the areas of high aflaroxin exposure, it would be useful to separate the associations of hepatitis B and aflatoxin with p53 mutations, and the codon 249 G>T transversion in particular.
Only 1 study of the 20 reviewed measured p53 mutations in two groups of patients-one with high probability of exposure to aflatoxin and the second with a lower probability of exposure to aflatoxin. The remaining 19 studies measured p53 mutations in patient groups that were either high or low exposure and compared their results to those obtained in other studies. Thus, it was not possible to calculate measures of effect within studies, and approaches involving weighted averages of stratum specific effects (e.g., MantelHaenszel) could not be used.
Results
Aflatoxin and p53 mutations. The data are summarized in Table 1 . Eighteen studies described patients with presumed low levels of aflatoxin exposure and three studies described patients with high levels of aflatoxin exposure (one study described two groups of patients). Data were reported from a total of 628 patients: 582 with low aflatoxin exposure and 46 with high aflatoxin exposure. The proportions of HCC patients with p53 mutations ranged from 0 to 0.42 in the lowexposure group and from 0.45 to 0.50 in the high-exposure group (p = 0.0077, Wilcoxon rank test), indicating an association between p53 mutations and higher presumed aflatoxin exposure.
p53 mutations were reported in 183 HCC patients, 36 of whom had G>T transversions at the third base of codon 249. In the low aflatoxin exposure group, the proportion of codon 249 G>T transversions out of all p53 mutations ranged from 0 to 0.50 in the 18 studies. In the high aflatoxin exposure group the proportion ranged from 0.80 to 1.0 (p = 0.0055, Wilcoxon rank test). These data suggest that high presumed aflatoxin exposure is associated with higher proportions of codon 249 G>T transversions in HCC patients with p53 mutations.
Hepatitis B and aflatoxin. Aflatoxin exposure is often seen in regions with high hepatitis B exposure, and it would be important to distinguish the separate effects of these two independent exposures. Thirteen studies collected data on the occurrence of p53 mutations by hepatitis B serology in liver cancer patients (Table 2 ). Data were available on a total of 449 patients, 201 of whom had positive hepatitis B serology and 248 of whom had negative hepatitis B serology. To determine whether hepatitis B exposure was associated with aflatoxin exposure, we compared the distribution of positive hepatitis B serology in the presumed high and low aflatoxin groups. The propor- were not calculated. In six studies of patients with presumed low aflatoxin exposure, the estimates of relative risk for the effect of hepatitis B exposure on the occurrence of p53 mutations were as follows: 0.75, 0.86, 0.92, 1.41, 1.46, and 2.0. Two studies showed a protective effect of hepatitis B exposure, one study showed no effect, and three studies showed increases in p53 mutations associated with hepatitis B exposure. In the two studies describing patients with presumed high aflatoxin exposure, one study had zero in one of its cells and no relative risk was calculated. The second study (38) reported twice as many hepatitis B positive patients (8/16) with p53 mutations compared to hepatitis B negative patients (1/4). The data suggest that hepatitis B positive individuals may have an increased occurrence of p53 mutations, independent of the effect of aflatoxin exposure, but the increase was not statistically significant in these data. Given the occurrence of a p53 mutation, it was then of interest to determine whether hepatitis B positive serology was associated with an increase in the occurrence of codon 249 G>T transversions.
Of the 130 p53 mutations in HCC patients for whom hepatitis B serology was measured, 26 (20%) were codon 249 base 3 G>T transversions. Of the 11 studies that reported hepatitis B serology and codon 249 G>T transversions in patients with presumed low aflatoxin exposure, 6 studies showed a higher proportion of codon 249 G>T transversions in the hepatitis B positive group than in the hepatitis B negative group. In five of these six studies, relative risks could not be calculated in the studies with zero cells, but the one study with data in all four cells showed a relative risk of 3.3 (40) . The other five studies found no codon 249 G>T transversions in either group ( Table 2 ). The data seem to suggest an association between hepatitis B positive serology and the codon 249 G>T transversion in patients with low aflatoxin exposure, but statistical tests were not significant.
It would be interesting to know whether hepatitis B positive serology was associated with an increase in codon 249 G>T transversions in patients with high aflatoxin exposure. Two studies reported hepatitis B serology and codon 249 G>T transversions in patients with presumed high aflatoxin exposure. Almost all the patients had hepatitis B positive serology and almost all the patients had codon 249 G>T transversions; thus, it was not possible to separate the effects of aflatoxin and hepatitis B in this group of patients.
Discussion
As early as 1991, Ozturk (15) stated that "a codon 249 mutation of the p53 gene identifies an endemic form of HCC strongly associated with dietary aflatoxin intake." By 1993, Oda et al. (40) stated, "A specific type of p53 mutation has also been demonstrated in HCCs of subjects exposed to food contaminated with aflatoxin Bl, in which most mutations are G to T transversions occurring at codon 249." These were based on small, uncontrolled studies. We systematically reviewed the literature to assess the evidence supporting these earlier assertions. In our review, we found major methodologic limitations in the studies. It is of particular concern that the key independent variable of interest, aflatoxin exposure, was not assessed in these studies, except for one study that measured a marker of exposure. Instead, nationality, geographic residence, or geographic site of hospital were used as surrogate markers for exposure. The inappropriate inclusion of childhood cancers, the limited information regarding important variables such as age and gender, and the absence of information regarding variables such as smoking and alcohol consumption further limit our ability to assess the strength of association between aflatoxin exposure and codon 249 G>T transversions.
Nonetheless, our review of the data suggests that liver cancer patients from geographic areas with high aflatoxin levels were more likely to have p53 mutations than were patients from areas with low aflatoxin levels. Similarly, in the group with p53 mutations, patients from high aflatoxin areas had higher proportions with codon 249 G>T transversions. The differences in proportions of patients with p53 mutations were significant, as were the differences in proportions of codon 249 G>T transversions among patients with p53 mutations. It is possible that aflatoxin may increase the proportion of p53 mutations by causing a single mutation, the codon 249 G>T transversion, thus explaining some of the excess liver cancer associated with aflatoxin exposure.
Because the studies did not actually measure aflatoxin exposure or dietary intake and because only one study measured a biomarker of exposure, the possibility remains that factors other than aflatoxin exposure can explain the pattern of p53 mutations. Without an actual measure of aflatoxin exposure it was not possible to say whether aflatoxin B1 is always associated with the codon 249 G>T transversion. For example, while two patients in the high aflatoxin group did not show codon 249 G>T transversions but showed other p53 mutations instead, the authors provided no evidence that these individuals actually were exposed to high aflatoxin levels. Furthermore, half the patients in the presumed high aflatoxin Reviews ; Lasky and Magder group did not have any p53 mutations. It was also unclear whether the codon 249 G>T transversion occurred in the absence of aflatoxin exposure. The mutation was reported in 16 individuals living in areas with low aflatoxin levels. Perhaps these individuals had migrated from other areas and had, in fact, been exposed to aflatoxin; national residence is a poor surrogate for lifetime exposure to aflatoxin. Alternatively, aflatoxin may not be the only carcinogen to cause the codon 249 G>T transversion.
Our analysis of published data suggests that hepatitis B positive serology may be independently associated with the codon 249 G>T transversion. That is, in patients with presumed low aflatoxin exposure, patients positive for hepatitis B seemed to have higher occurrences of the mutation. Such a finding may be biologically plausible, although the exact role of hepatitis B viral infection in promoting codon 249 G>T transversions is debated (16, 33, 34, 36, 48) . The complex interrelationships between aflatoxin exposure, hepatitis B history, hepatocellular carcinoma, and p53 mutations could not be sorted out with the data from these studies. However, they suggest the possibility of independent effects of aflatoxin and hepatitis B on the occurrence of the codon 249 G>T transversion in p53. While the associations between hepatitis B and p53 mutations (and the codon 249 G>T transversion) were not statistically significant, they may warrant further investigation. The 1993 IARC monograph (19) stated, "what evidence is available does not strongly suggest a direct relationship between codon 249 mutation and HBV status" and cited three studies comprised of observations from 40 patients; two of the studies reported no codon 249 mutations in any patient (positive or negative for hepatitis B). Based on our review of the data, we would be inclined to examine this question further.
Several examples have been cited in the literature that illustrate the possibility that p53 mutations serve as the fingerprint of environmental carcinogens. Of these, the association between aflatoxin, codon 249 G>T transversions, and hepatocellular carcinoma may be one of the clearest examples. We systematically reviewed the literature regarding this example to determine whether the data support the concept that p53 mutations are the markers of aflatoxin B1, an environmental carcinogen. We concluded that the data do not yet permit quantification of the association between aflatoxin and codon 249 mutations and that it is premature to state definitively that the codon 249 G>T transversion is the fingerprint of aflatoxin B1. Epidemiologic methods and principles can be applied to this newly emerging and fascinating area of research. In particular, we suggest a more complete characterization of exposure, larger sample sizes, use of control groups within studies, data reporting that permits cross-tabulation of relevant characteristics, information pertaining to potential confounders, and appropriate statistical analyses. From an epidemiologic point of view, fundamental research has yet to be done. The data regarding p53 mutations in hepatocellular carcinoma are intriguing and suggestive, but conclusions that p53 mutations are established markers for environmental carcinogens are premature.
